Transverse-Momentum and Pseudorapidity Distributions of Charged Hadrons in pp Collisions at s√=7  TeV by Baringer, Philip S. et al.
Transverse-Momentum and Pseudorapidity Distributions of Charged Hadrons
in pp Collisions at
ffiffi
s
p ¼ 7 TeV
V. Khachatryan et al.*
(CMS Collaboration)
(Received 18 May 2010; published 6 July 2010)
Charged-hadron transverse-momentum and pseudorapidity distributions in proton-proton collisions atffiffi
s
p ¼ 7 TeV are measured with the inner tracking system of the CMS detector at the LHC. The charged-
hadron yield is obtained by counting the number of reconstructed hits, hit pairs, and fully reconstructed
charged-particle tracks. The combination of the three methods gives a charged-particle multiplicity per
unit of pseudorapidity dNch=djjj<0:5 ¼ 5:78 0:01ðstatÞ  0:23ðsystÞ for non-single-diffractive events,
higher than predicted by commonly used models. The relative increase in charged-particle multiplicity
from
ffiffi
s
p ¼ 0:9 to 7 TeV is ½66:1 1:0ðstatÞ  4:2ðsystÞ%. The mean transverse momentum is measured
to be 0:545 0:005ðstatÞ  0:015ðsystÞ GeV=c. The results are compared with similar measurements at
lower energies.
DOI: 10.1103/PhysRevLett.105.022002 PACS numbers: 13.85.Ni
Introduction.—Measurements of particle yields and kin-
ematic distributions are an essential first step in exploring a
new energy regime of particle collisions. Such studies
contribute to our understanding of the physics of hadron
production, including the relative roles of soft and hard
scattering contributions, and help construct a solid founda-
tion for other investigations. In the complicated environ-
ment of LHC pp collisions [1], firm knowledge of the rates
and distributions of inclusive particle production is needed
to distinguish rare signal events from the much larger
backgrounds of soft hadronic interactions. They will also
serve as points of reference for the measurement of
nuclear-medium effects in Pb-Pb collisions in the LHC
heavy ion program.
The bulk of the particles produced in pp collisions arise
from soft interactions, which are modeled only phenom-
enologically. Experimental results provide the critical
guidance for tuning these widely used models and event
generators. Soft collisions are commonly classified as elas-
tic scattering, inelastic single-diffractive (SD) dissociation,
double-diffractive (DD) dissociation, and inelastic nondif-
fractive (ND) scattering [2]. (Double-Pomeron exchange is
treated as DD in this Letter.) All results presented here
refer to inelastic non-single-diffractive (NSD) interactions,
and are based on an event selection that retains a large
fraction of the ND and DD events, while disfavoring SD
events.
The measurements focus on transverse-momentum pT
and pseudorapidity  distributions. The pseudorapidity,
commonly used to characterize the direction of particle
emission, is defined as  ¼  ln tanð=2Þ, where  is the
polar angle of the direction of the particle with respect to
the anticlockwise beam direction. The count of primary
charged hadrons Nch is defined to include decay products
of particles with proper lifetimes less than 1 cm. Products
of secondary interactions are excluded, and a percent-level
correction is applied for prompt leptons. The measure-
ments reported here are of dNch=d and dNch=dpT in
the pseudorapidity range jj< 2:4 and closely follow
our previous analysis of minimum-bias data at lower
center-of-mass energies of
ffiffi
s
p ¼ 0:9 and 2.36 TeV as re-
ported in Ref. [3].
The data for this study are drawn from an integrated
luminosity of 1:1 b1 recorded with the Compact Muon
Solenoid (CMS) experiment [4] on 30 March 2010, during
the first hour of the LHC operation at
ffiffi
s
p ¼ 7 TeV. These
results are the highest center-of-mass energy measure-
ments of the dNch=d and dNch=dpT distributions con-
ducted at a particle collider so far and complement the
other recent measurements of the ALICE experiment at
7 TeV [5].
Experimental methods.—A detailed description of the
CMS experiment can be found in Ref. [4]. The detectors
used for the present analysis are the pixel and silicon-strip
tracker, covering the region jj< 2:5 and immersed in a
3.8 T axial magnetic field. The pixel tracker consists of
three barrel layers and two end-cap disks at each barrel
end. The forward calorimeter (HF), which covers the re-
gion 2:9< jj< 5:2, was also used for event selection.
The detailed Monte Carlo (MC) simulation of the CMS
detector response is based on GEANT4 [6].
The event selection and analysis methods in this Letter
are identical to those used in Ref. [3], where more details
can be found. The inelastic pp collision rate was about
50 Hz. At these rates, the fraction of events in the data,
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where two or more minimum-bias collisions occurred in
the same bunch crossing, is estimated to be less than 0.3%
and was neglected. Any hit in the beam scintillator coun-
ters (BSC, 3:23< jj< 4:65) coinciding with colliding
proton bunches was used for triggering the data acquisi-
tion. A sample mostly populated with NSD events was
selected by requiring a primary vertex (PV) to be recon-
structed with the tracker, together with at least one HF
tower in each end with more than 3 GeV total energy.
Beam-halo and other beam-background events were re-
jected as described in Ref. [3]. The remaining fraction of
background events in the data was found to be less than
2 105. The numbers of events satisfying the selection
criteria are listed in Table I.
The event selection efficiency was estimated with simu-
lated events using the PYTHIA [7,8] and PHOJET [9,10] event
generators. The relative event fractions of SD, DD, and ND
processes and their respective event selection efficiencies
are listed in Table II. The fraction of diffractive events is
predicted by the models to decrease as a function of
collision energy, while the selection efficiency increases.
At
ffiffi
s
p ¼ 7 TeV, the fraction of SD (DD) events in the
selected data sample, estimated with PYTHIA and PHOJET,
are 6.8% (5.8%) and 5.0% (3.8%), respectively, somewhat
higher than at
ffiffi
s
p ¼ 0:9 and 2.36 TeV [3]. With PYTHIA, the
overall correction for the selection efficiency of NSD
processes and for the fraction of SD events remaining in
the data sample lowers the measured charged-particle
multiplicity by 6% compared with the uncorrected
distribution.
The dNch=d distributions were obtained, as in Ref. [3],
with three methods, based on counting the following quan-
tities: (i) reconstructed clusters in the barrel part of the
pixel detector; (ii) pixel tracklets composed of pairs of
clusters in different pixel barrel layers; and (iii) tracks
reconstructed in the full tracker volume. The third method
also allows a measurement of the dNch=dpT distribution.
All three methods rely on the reconstruction of a PV [11].
The PV reconstruction efficiency was found to be 98.3%
(98.0%) in data (MC), evaluated after all other event se-
lection cuts. In case of multiple PV candidates, the vertex
with the largest track multiplicity was chosen. The three
methods are sensitive to the measurement of particles
down to pT values of about 30, 50, and 100 MeV=c,
respectively. Only 0.5, 1.5, and 5% of all charged particles
are estimated to be produced below these pT values, re-
spectively, and these fractions were corrected for.
The measurements were corrected for the geometrical
acceptance (2%), efficiency (5%–10%), fake (<1%)
and duplicate tracks (<0:5%), low-pT particles curling in
the axial magnetic field (<1%), decay products of long-
lived hadrons (<2%) and photon conversions (<1%), and
inelastic hadronic interactions in the detector material
(1%–2%), where the size of the corrections in parenthe-
ses refers to the tracking method. The PYTHIA parameter set
from Ref. [8] was chosen to determine the corrections,
because it reproduces the dNch=d and charged-particle
multiplicity distributions, as well as other control distribu-
tions at 7 TeV, better than other available tuning parameter
sets. Although the corrections do not depend significantly
on the model used, it is indeed important that the simulated
data set contains a sufficient number of high-multiplicity
events to determine these corrections with the desired
accuracy.
Results.—For the measurement of the dNch=dpT distri-
bution, charged-particle tracks with pT in excess of
0:1 GeV=c were used in 12 different jj bins, from 0 to
2.4. The average charged-hadron yields in NSD events are
shown in Fig. 1 as a function of pT and jj. The Tsallis
parametrization [12–14],
E
d3Nch
dp3
¼ 1
2pT
E
p
d2Nch
ddpT
¼ CdNch
dy

1þ ET
nT
n
; (1)
where y¼0:5ln½ðEþpzÞ=ðEpzÞ, ET ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2þp2T
q
m,
and m is the charged pion mass, was fitted to the data. The
pT spectrum of charged hadrons, 1=ð2pTÞd2Nch=ddpT ,
measured in the range jj< 2:4, is shown in Fig. 2 for data
TABLE II. Fractions of SD, DD, ND, and NSD processes obtained from the PYTHIA and PHOJET event generators before any
selection, and the corresponding selection efficiencies determined from the MC simulation.
PYTHIA PHOJET
Fractions Selection efficiencies Fractions Selection efficiencies
SD 19.2% 26.7% 13.8% 30.7%
DD 12.9% 33.6% 6.6% 48.3%
ND 67.9% 96.4% 79.6% 97.1%
NSD 80.8% 86.3% 86.2% 93.4%
TABLE I. Numbers of events passing the selection cuts. The
selection criteria are applied in sequence, i.e., each line includes
the selection from the previous ones.
Selection Number of events
Colliding bunchesþ one BSC signal 68 512
Reconstructed PV 61 551
HF coincidence 55 113
Beam-halo rejection 55 104
Other beam-background rejection 55 100
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at 0.9, 2.36, and 7 TeV. The high-pT reach of the data is
limited by the increase of systematic uncertainties with pT .
The fit to the data [Eq. (1)] is mainly used for extrapola-
tions to pT ¼ 0, but is not expected to give a good descrip-
tion of the data in all  bins with only two parameters. The
parameter T and the exponent n were found to be T ¼
0:145 0:005ðsystÞ GeV and n ¼ 6:6 0:2ðsystÞ. The
average pT , calculated from a combination of the measured
data points and the low- and high-pT contributions as
determined from the fit, is hpTi ¼ 0:545 0:005ðstatÞ 
0:015ðsystÞ GeV=c.
Experimental uncertainties related to the trigger and
event selection are common to all the analysis methods.
The uncertainty related to the presence of SD (DD) events
in the final sample was estimated to be 1.4% (1.1%), based
on consistency checks between data and simulation for
diffractive event candidates. The total event selection un-
certainty, which also includes the selection efficiency of
the BSC and HF, was found to be 3.5%. Based on studies
similar to those presented in Ref. [3], additional 3% and
2% uncertainties were assigned to the tracklet and track
reconstruction algorithm efficiencies, respectively.
Corrections at the percent level were applied to the final
results to extrapolate to pT ¼ 0. The uncertainty on these
extrapolation corrections was found to be less than 1%. All
other uncertainties are identical to those listed in Ref. [3].
The dNch=d measurements were repeated on a separate
data sample without any magnetic field, for which almost
no pT extrapolation is needed, and gave results consistent
within 1.5%. The final systematic uncertainties for the
pixel counting, tracklet, and track methods were found to
be 5.7%, 4.6%, and 4.3%, respectively, and are strongly
correlated.
For the dNch=d measurements, the results for the three
individual layers within the cluster-counting method were
found to be consistent within 1.2% and were combined.
The three layer pairs in the pixel-tracklet method provided
results that agreed within 0.6% and were also combined.
Finally, the results from the three different measurement
methods, which agree with the combined result within 1%
to 4% depending on , were averaged. The final dNch=d
distributions are shown in Fig. 3 for
ffiffi
s
p ¼ 0:9, 2.36, and
7 TeV. The CMS results are compared with measurements
made by other experiments. In the ATLAS Collaboration
analysis [15], events and particles were selected in a differ-
ent region of phase space, which makes a direct compari-
son difficult. Their results are therefore not included in the
figure.
The results can also be compared to earlier experiments
as a function of
ffiffi
s
p
. The energy dependence of the average
charged hadron pT can be described by a quadratic func-
tion of lns [16]. As shown in Fig. 4, the present measure-
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FIG. 1. Differential yield of charged hadrons in the range
jj< 2:4 in 0.2-unit-wide bins of jj in NSD events. The solid
curves represent fits of Eq. (1) to the data. The measurements
with increasing  are successively shifted by six units along the
vertical axis.
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FIG. 2. Charged-hadron yield in the range jj< 2:4 in NSD
events as a function of pT ; the systematic uncertainties are
smaller than the symbols. The measurements at
ffiffi
s
p ¼ 0:9 and
2.36 TeV [3] are also shown. The solid lines represent fits of Eq.
(1) to the data.
PRL 105, 022002 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
9 JULY 2010
022002-3
ment follows this trend. The choice of the jj interval can
influence the average pT value by a few percent.
For jj< 0:5, the average charged multiplicity density
is dNch=d ¼ 5:78 0:01ðstatÞ  0:23ðsystÞ for NSD
events. The
ffiffi
s
p
dependence of the measured dNch=
dj0 is shown in Fig. 5, which includes data from
various other experiments. The dNch=d results reported
here show a rather steep increase between 0.9 and 7 TeV,
which is measured to be ½66:1 1:0ðstatÞ  4:2ðsystÞ%.
Using a somewhat different event selection, the ALICE
Collaboration has found a similar increase of ½57:6
0:4ðstatÞþ3:61:8ðsystÞ% [5]. The measured charged-particle
multiplicity is accurate enough to distinguish among
most sets of event-generator tuning parameter values and
various models. The measured value at 7 TeV significantly
exceeds the prediction of 4.57 from PHOJET [9,10], and the
predictions of 3.99, 4.18, and 4.34 from the DW [17],
PROQ20 [18], and Perugia0 [19] tuning parameter values
of PYTHIA, respectively, while it is closer to the prediction
of 5.48 from the PYTHIA parameter set from Ref. [8] and to
the recent model predictions of 5.58 and 5.78 from
Refs. [20,21]. The measured excess of the number of
charged hadrons with respect to the event generators is
independent of  and concentrated in the pT < 1 GeV=c
η
-2 0 2
η
/d
ch
dN
0
2
4
6
CMS NSD
ALICE NSD
UA5 NSD
0.9 TeV
2.36 TeV
7 TeV
CMS
FIG. 3. Distributions of dNch=d, averaged over the three
measurement methods and compared with data from UA5 [23]
(p p, with statistical errors only) and ALICE [24] (with system-
atic uncertainties). The shaded band shows systematic uncer-
tainties of the CMS data. The CMS and UA5 data are averaged
over negative and positive values of .
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FIG. 4. Average pT of charged hadrons as a function of the
center-of-mass energy. The CMS measurements are for jj<
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bars on the CMS data include the systematic uncertainties.
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FIG. 5. Average value of dNch=d in the central  region as a
function of center-of-mass energy in pp and p p collisions. Also
shown are NSD and inelastic measurements from the NAL
Bubble Chamber [28] (p p), ISR [29] (pp), UA1 [16] (p p),
UA5 [23] (p p), CDF [30] (p p), STAR [31] (pp), PHOBOS [32]
(pp), and ALICE [24] (pp). The curves are second-order poly-
nomial fits for the inelastic (solid) and NSD event selections
(dashed). The error bars include systematic uncertainties, when
available. Data points at 0.9 and 2.36 TeV are slightly displaced
horizontally for visibility.
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range. These differences indicate the need for a continued
model development and simulation tuning. Work on up-
dated event generators based on LHC data is currently
under way.
Summary.—Charged-hadron transverse-momentum and
pseudorapidity distributions have been measured in
proton-proton collisions at
ffiffi
s
p ¼ 7 TeV. The numerical
values of the data presented in this Letter can be found in
the HEPDATA database [22]. The combined result for the
central pseudorapidity density, from three mutually con-
sistent methods of measurement, is dNch=djjj<0:5 ¼
5:78 0:01ðstatÞ  0:23ðsystÞ for non-single-diffractive
events. This value is higher than most predictions and
provides new information to constrain ongoing improve-
ments of soft particle production models and event gener-
ators. The mean transverse momentum has been measured
to be 0:545 0:005ðstatÞ  0:015ðsystÞ GeV=c. These
studies are the first steps in the exploration of particle
production at the new center-of-mass energy frontier, and
contribute to the understanding of the dynamics in soft
hadronic interactions.
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W. Lustermann,97 C. Marchica,97,n P. Meridiani,97 P. Milenovic,97,o F. Moortgat,97 A. Nardulli,97 F. Nessi-Tedaldi,97
L. Pape,97 F. Pauss,97 T. Punz,97 A. Rizzi,97 F. J. Ronga,97 L. Sala,97 A.K. Sanchez,97 M.-C. Sawley,97 D. Schinzel,97
V. Sordini,97 B. Stieger,97 L. Tauscher,97,a A. Thea,97 K. Theofilatos,97 D. Treille,97 M. Weber,97 L. Wehrli,97
J. Weng,97 C. Amsler,98 V. Chiochia,98 S. De Visscher,98 M. Ivova Rikova,98 B. Millan Mejias,98 C. Regenfus,98
P. Robmann,98 T. Rommerskirchen,98 A. Schmidt,98 D. Tsirigkas,98 L. Wilke,98 Y. H. Chang,99 K.H. Chen,99
W. T. Chen,99 A. Go,99 C.M. Kuo,99 S.W. Li,99 W. Lin,99 M.H. Liu,99 Y. J. Lu,99 J. H. Wu,99 S. S. Yu,99
P. Bartalini,100 P. Chang,100 Y.H. Chang,100 Y.W. Chang,100 Y. Chao,100 K. F. Chen,100 W.-S. Hou,100 Y. Hsiung,100
K.Y. Kao,100 Y. J. Lei,100 S.W. Lin,100 R.-S. Lu,100 J. G. Shiu,100 Y.M. Tzeng,100 K. Ueno,100 C. C. Wang,100
M. Wang,100 J. T. Wei,100 A. Adiguzel,101 A. Ayhan,101 M.N. Bakirci,101 S. Cerci,101 Z. Demir,101 C. Dozen,101
I. Dumanoglu,101 E. Eskut,101 S. Girgis,101 G. Gökbulut,101 Y. Güler,101 E. Gurpinar,101 I. Hos,101 E. E. Kangal,101
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kAlso at University of Athens, Athens, Greece.
lAlso at The University of Kansas, Lawrence, KS, USA.
mAlso at Institute for Theoretical and Experimental Physics, Moscow, Russia.
nAlso at Paul Scherrer Institut, Villigen, Switzerland.
oAlso at Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
pAlso at Rutherford Appleton Laboratory, Didcot, United Kingdom.
qAlso at INFN Sezione di Perugia, Università di Perugia, Perugia, Italy.
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